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ABSTRACT
NICKEL PLATING CHROMIUM NICKEL CARBIDE POWDER BY
ELECTROLESS AND ELECTRODEPOSITION
SEPTEMBER 2017
JEFFREY R. RIGALI,
B.S., WEST VIRGINIA UNIVERSITY
M.S.M.E UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Robert W. Hyers

Engineered components can gain desirable properties when coated with surface
materials. Wear-resistant coatings can improve the performance of contacting surfaces
and allow for an extended life of the parts. Hard chromium has been the plating material
of choice for certain wear and corrosion- resistant coatings because of its desirable
combination of chemical resistance, adhesion, and mechanical properties. However,
hexavalent chromium, a component of the process for applying hard chromium coatings,
has been recognized by the EPA as having hazardous health and environmental impacts.
Existing and planned environmental regulations restricts the use of process chemicals
containing hexavalent chromium ions. This substantiates a need to develop an
environmental friendly process for alternative coatings.
Praxair has reported that Cr-Ni-C particles have a better corrosion resistance than
current chromium carbide and nickel chromium powders. Today, Cr-Ni-C provides great
qualities for flame spray and does not contain the toxic compounds used to deposit hard
chromium, but is not compatible with application by cold spray.
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The purpose of this thesis project is to compare two processes for plating metal
powder, chromium nickel carbide (Cr-Ni-C, CRC-410-1 from Praxair), with nickel. The
particles were encapsulated using three different methods: one electroplating method
previously used on particles, and two electroless plating processes using different
solutions.
The Cr-Ni-C particles were successfully encapsulated with Ni by one of the
electroless deposition methods. The electrolytic deposition experiments did not yield the
uniformity of coating without agglomeration that is being attained in industrial practice
today. Further research on this method is recommended, due to the material operational
cost in an industrial setting that is projected to be over 200 times cheaper than electroless
deposition method. In the meantime, it should be possible to produce enough coated
powder by electroless deposition to validate the utility of this coated powder in
depositing wear- and corrosion-resistant coatings of Cr-Ni-C by cold spray.
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CHAPTER 1
INTRODUCTION

1.1

Purpose
Engineered components can gain desirable properties when coated with surface

materials. Wear-resistant coatings can improve the performance of contacting surfaces and
allow for an extended life of the parts. The purpose of this thesis project is to compare two
processes for plating metal powder, chromium nickel carbide (Cr-Ni-C, CRC-410-1 from
Praxair), with nickel. The particles were encapsulated using three different methods: an
electroplating device invented by Pay Yih (patent # 5,911,865) [1], an electroless process
used by Pennsylvania State University [2], and another electroless solution [3]. The
successful nickel plating of Cr-Ni-C should allow for the Cr-Ni-C particles to adhere to a
metal surface using a cold-spray process. The nickel allows for deformation of the
particles, which is critical to the success of cold spray coatings. To reduce the coefficient
of friction and the surface wear on materials previously metal coatings have been applied
using cold-spray. [2]

1.2

Thesis Outline
Background information in the form of a literature review is found in Chapter 2,

covering topics such as: the application of cold spray, Cr-Ni-C, mechanics, electroless
nickel deposition, electroplating deposition, and the calculations used to evaluate and
setup experiments. Chapter 3, covers electroless deposition and includes purpose,
solutions used, setup, procedure, and results and discussion for each experiment. Chapter
4 covers electrolytic deposition method. Chapter 5 summarizes all of the experiments
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conducted in this thesis. Chapter 6 concludes on the experiments conducted, evaluating
the results between both electroless deposition and electrolytic deposition. Chapter 7,
describes the future work that is needed to improve on the experiments conducted in this
paper and describes what future steps can be taken to get Cr-Ni-C powder ready for cold
spray applications.

2

CHAPTER 2
2

2.1

BACKGROUND

Introduction
Metal plating has been used for many years to improve the wear and corrosion

resistance of materials. Hard chromium has been the plating material of choice for certain
wear and corrosion- resistant coatings because of its desirable combination of chemical
resistance, adhesion, and mechanical properties. However, hexavalent chromium, a
component of the process for applying hard chromium coatings, has been recognized by
the EPA as having hazardous health and environmental impacts. Existing and planned
environmental regulations restricts the use of process chemicals containing hexavalent
chromium ions. This substantiates a need to develop an environmental friendly process for
alternative coatings [4].
Cr-Ni-C is being evaluated as an alternative coating material for various applications.
Praxair has reported that Cr-Ni-C particles have a better corrosion resistance than current
chromium carbide and nickel chromium powders. Today, Cr-Ni-C provides great qualities
for flame spray and does not contain the toxic compounds used to deposit hard chromium,
but is not compatible for applications by cold spray [5].
The cold spray process operates below the melting point of metals, requires no
combustible fuel or gases, and results in a recrystallized structure with compressive
residual stresses. In cold spray, solid-state bonding uses the mechanical mixing of
particles and the substrate to achieve a strong metallurgical bond. The plastic deformation
of particles disrupts oxide films and provides increased strength. High-density deposits
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form thick coatings at high deposition rates, provide low oxide and porosity content
(<1%), and yield compressive residual stresses on surface of material which increase its
surface hardness and resistance to cracking and fatigue [3].
Figure 1 below presents the operating window for common metal spray technologies.
Compared to conventional thermal sprays, cold spray is characterized by the lowest
temperature and highest velocity. The operating temperatures of conventional plasma,
detonation, and High Velocity Oxygen Fuel (HVOF) produce melted particles which
shrink upon cooling, leaving high tensile residual stresses. Since particles are not melted
during cold spray, the resulting deposits exhibit moderate compressive residual stress. In
addition, the crystalline structure of cold sprayed particles remains largely unchanged
during deposition, unlike that of the melted and re-solidified particles in conventional
thermal sprays [5].

4

Figure 1: Comparing operating characteristics for metal deposition applications.
Plasma, detonation, and HVOF deposition application methods operate at high
temperature and low velocity ranges, unlike cold spray deposition, which operates at
a low temperature and high velocity range. [5]

Figure 2, illustrates the effect that high temperature has on deposited coatings.
Compared to Figure 3, the flame sprayed Sn coating, Figure 2 shows a larger porosity.
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Figure 2: Backscattered electron image of a flame Spray deposition of Sn & Steel
produced a coating with 12.2% porosity. [5]
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Figure 3: Backscattered electron image of an aluminum substrate coated with Sn by
cold spray application with 0% porosity. [5]
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Figure 4: Backscattered electron image of an Al substrate coated with Al by means of
cold spray application, 0.83% porosity. [5]
Figure 4 above, reaffirms with a different deposited material that cold spray yields
a low porosity after deposition.

2.1

Applications and requirements

2.1.1

Chromium Nickel Carbide (Cr-Ni-C)
Cr-Ni-C is a fine carbide dispersion in a metallic matrix (fully alloyed), made by

Praxair surface technologies. “The particle size is -325 mesh/ +11𝜇𝑚 with an apparent
density of 3.715 g/cc. Utilizing an HVOF spray process, Cr-Ni-C presents a better
corrosion resistance compared to other nickel chromium and chromium carbide powders
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available today. It also shows a higher hardness than chrome plate and currently has the
best wear properties of all Carbide – Advanced Powder Technology (C-APT) [6].
For the experiments in this work the Cr-Ni-C powder was obtained from
Praxair. A small amount was analyzed under a microscope (Nikon eclipse TE2000-U).
Figure 5 shows that the particles have a large deviation from an average diameter. The
particles that were observed ranged from less than 10 𝜇𝑚 to approximately 50 𝜇𝑚. Most
of the particles were spherical as shown in Figure 5. However, some particles merged
together and created different structures. It can also be observed that the particle surfaces
are not uniformly smooth and look to have agglomerates on the surface.

Figure 5: Cr-Ni-C particles captured using a Nikon eclipse TE2000-U microscope
and then measured using optical imagery software (ImageJ) with a 12-um reference
line
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2.1.2

Cr-Ni-C composition
Cr-Ni-C particles were mounted into epoxy resin pucks and then ground and

polished. Figure 6 below, is a view of a partially ground and polished Cr-Ni-C particle that
looks like it has been coated in a backscatter image. The green plus sign marks the spot
that was analyzed further with energy dispersive x-ray spectroscopy (EDS).

Figure 6: Backscattered electron image of an as received Cr-Ni-C particle, mounted,
ground, and polished. From this image, the particle appears to be coated with Ni due
to the lighter gray scale on the edge. The point indicated on image was analyzed with
EDS to further understand the morphology of the Cr-Ni-C particle
Figure 7, shows the EDS results. The particles were found to have a high
concentration of Cr in addition to a lower concentration of Ni.
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Figure 7: EDS spectra graph of the Cr-Ni-C coating material shown in Figure
6.Indicating that a majority of the x-ray energy matches Cr K-𝛂 x-rays as seen by
peak on left, with small amounts of Ni present.
The image above indicates a high concentration of Cr (left), and a relatively small
amount of Ni (first light blue line with labeled N). The small peak following the larger K𝛼 x-rays are K-𝛽 x-rays.
Table 1, quantifies the concentration of material at the point shown in Table 1:
EDS results of Cr-Ni-C particle.
Table 1: EDS results of Cr-Ni-C particle
Element

series

[wt.%]

Nickel
Chromium

K-series
K-series
Sum:

9.92
90.04
100

[norm.
wt.%]
9.92
90.04
100

[norm.
at. %]
8.89
91.05
100

The data from Table 1 is consistent with the bulk of the particle and the particle
composition specifications provided from Praxair [6].
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2.1.3

Cr-Ni-C limiting factors for Cold Spray deposition
The deposition velocity window for cold spray particles describes the problem that

prevents the bonding of Cr-Ni-C to metal surfaces. If the cold spray particles are moving
too slowly; they bounce off the substrate. If the particles are moving too fast; they erode
the surface of the substrate similar to sand blasting. Cr-Ni-C is a very hard particle that
tends to erode the substrate before it can bond to the surface. Theoretically, coating the
particles with a softer metal will allow for deposition with minimum erosion of the
substrate. To get the powder to adhere to another metal using a cold spray process the
powder needs to be coated with nickel. This will allow for the powder to deform at high
speeds and bond with a surface substrate.

2.2

Methods of coating particles
To get Cr-Ni-C powder ready for cold spray, the particles need to be coated with

nickel to be able to plastically deform and bond on the surface of another metal. This has
been done previously with other materials, such as hexagonal boron nitride, at
Pennsylvania State University, using an electroless nickel encapsulation process [2]. The
benefits of electroless deposition is a uniform deposition yielding superior corrosion
resistance and no edge build up, natural flexibility, and freedom from porosity [9]. A
similar process shown in Section 2.2.1, was used to deposit nickel on Cr-Ni-C particles,
suspended in a solution.
Another avenue that was investigated is an electroplating process of nickel on the
Cr-Ni-C, shown in Chapter 4. Electroplating benefits include: a high coating efficiency,
high coating quality, a wide range of coating thickness, and relatively low cost compared
to other coating processes.
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Conventional methods of electroplating will not work on powders. In conventional
electroplating the cathode is a large, approximately flat substrate. Powders have to make
contact with a cathode and then plate for a short period of time or they will be bonded to
the cathode by the plating. The process does not allow for deposition between particles
and between the particles and the cathode. Due to the small size of the particles, a new
approach was needed. Dr Pay Yih designed an apparatus to encapsulate metal powders
[1], which was adopted by the Federal Technologies Group, an industrial producer of
metal powders.
Metal coatings on the particles can be obtained by other technologies, such as
chemical vapor deposition (CVD) and physical vapor deposition (PVD) processes.
However, the draw backs of these processes include limited kinds of metal which can be
coated on the particles, relatively low metal deposition rate, and high cost [1].

2.2.1

Electroless deposition
Electroless nickel deposition was discovered accidentally by Brenner and Riddle in

1946 [7]. They observed that the additive of sodium hypophosphite caused the cathode
efficiency in electroplating to be above 100%. This led to the conclusion that in the
solution, a chemical reduction process makes metallic ions achieve a balanced metal state
and deposits on the surface of the cathode. Now electroless deposition has yielded
deposits of Ni, Co, Pd, Cu, Au, and Ag [3] on various substrates.
To deposit nickel onto a substrate using an electroless process, a solution is used to
reduce the metal ion to be deposited. The solution may use sodium hypophosphite as the
reducing agent. Some advantages of electroless deposition include uniform coating,
formation of coatings with unique properties, coatings of non-conductive substrates, and
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the lack of sophisticated equipment [8] . The only equipment required is a deposition tank,
agitation device, heaters, filters and the required chemicals. The main disadvantage is the
high cost of chemicals, specifically the reducing agent.
Plating metal powders is a difficult process to obtain on a micrometer particle
scale. Pennsylvania State University has had success encapsulating hexagonal boron
nitride with nickel using electroless deposition [2]. Using a similar recipe for electroless
encapsulation, Cr-Ni-C powder was also coated in the present work (Chapter 3).
In this experiment, sodium hypophosphite is the reducing agent. Nickel sulfate is
the metal salt (source of ions) that is being reduced. To make this process successful,
many parameters must be controlled. The following parameters determine the success of
deposition: pretreatments, concentration of nickel in solution, concentration of reducing
agent, pH, temperature, compatibility of depositing metal with substrate, particle size, and
particle distribution [9].
2.2.1.1 Recipe considerations
There are many recipes for electroless nickel plating. However, obtaining the
correct recipe for a given substrate is difficult because the recipes are nearly always
proprietary. Therefore, academic research has been conducted to evaluate the chemical
combinations and discover ways of improving a bath solution. In order to deposit nickel
on the surface of a substrate, nucleation sites are needed. The nickel deposition is
autocatalytic: the presence of the nickel deposit locally accelerates the deposition reaction,
leading to the formation of continuous films of deposited metal. Growth initiates upon the
nucleation sites which are probabilistically distributed. Therefore, the density of
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nucleation sites and the size of the sites are time-dependent functions during the
immersion period in the metallizing bath [3].
Cleaning the surface to optimized catalyst sites, as seen in Pennsylvania State
University experiment [2], the powders were prepared with a nitric acid solution
experiment shown in Chapter 3. The nitric acid should clean the surface of the particles
from any contamination, make the surface hydrophilic, and assist with nucleation sites. In
other studies, the metal powders were not sufficiently catalytic to initiate the plating
reaction and required pretreatment before plating. This was done using sensitizers and
catalyst baths, usually tin (Sn) and palladium (Pd) respectively [2] [3] [8]. In the
experiments in Chapter 3, a pretreatment bath was not used due to the catalytic properties
of the Cr-Ni-C powder.
In electroless deposition of nickel, a reducing agent supplies electrons to metal
ions converting them into their metal form, shown in equation (2-1).
𝐶𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑆𝑢𝑟𝑓𝑎𝑐𝑒

Ni+2 + 2𝑒 − (supplied by reducing agent) →

𝑁𝑖 0

(2-1)

The overall reaction is described by equation (2-2). Nickel sulfate, sodium
hypophosphite, and water react to produce nickel, sodium dihydrogen phosphite and
sulfuric acid.
𝑁𝑖𝑆𝑂4 + 𝑁𝑎𝑃𝑂2 𝐻2 + 𝐻2 𝑂 → 𝑁𝑎𝑃𝑂3 𝐻2 + 𝑁𝑖 + 𝐻2 𝑆𝑂4

(2-2)

Catalytic surfaces are the only place where equation (2-2) reaction takes place. As
Ni is deposited, sulfuric is being produced, reducing the pH of the solution. Therefore,
ammonia will need to be added to counter the sulfuric acid produced during deposition. It
was proved by Marton and Schlesinger that the growth rate is linear in time [10]. The
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deposition rate has been found to increase with the increase of the reducing agent
concentration, pH, and temperature in acidic solutions.
Depending on the chemical composition of the bath, there are a wide range of pH
values that are acceptable for electroless nickel plating. Acidic baths result in increased
phosphorus content, up to 25% at pH 4 [3]. Alkaline (basic) solutions can produce less
than 1% phosphorus [3] in the nickel coating. With a higher concentration of phosphorus,
a nickel coating will have a higher corrosion resistance, but the hardness and wear
resistance decreases [11]. Equation (2-3) shows the chemical reaction that occurs for
phosphorus deposition.

1
2𝑁𝑎𝑃𝑂2 𝐻2 → 𝑁𝑎𝑂𝐻 + 𝑃 ↓ + 𝑁𝑎𝑃𝑂3 𝐻2 + 𝐻2 ↑
2

(2-3)

In the equation above sodium hypophosphite disproportionates and produces
sodium hydroxide, phosphorus (solid state), sodium dihydrogen phosphite and hydrogen
gas. This reaction occurs in parallel with the reduction of Ni, consuming the reducing
agent and co-depositing P.
As the Ni reaction (2-2) produces acid and the P reaction (2-3) produces alkali, the
pH of the solution controls the relative rates of these two reactions.
Figure 8 below, shows data to confirm that the lower the pH the higher the percent
phosphorus was deposited with the nickel. The pH level also effects the deposition rate.
Data presented in [3] show how the deposition rate and phosphorus %wt. is effected by
the pH value, shown in Figure 8 and Figure 9. The solutions used to produce the figures
were comprised of: nickel chloride, sodium hypophosphite, and sodium glycolate.
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Figure 8: Effects of changing pH on phosphorus content in an electroless deposition,
acid bath. The graph shows that with an acidic solution, the P % wt. deposition
decreases as the pH increases. [3]
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Figure 9: Effects of changing pH on electroless nickel deposition rate in acidic bath
solutions. The graph shows that the deposition rate increases as the pH increases. [3]
The Figure 8 and 9 above are specific to a particular acidic solution. A study done
by the department of chemistry at Fudan University in Shanghai showed different effects.
Their electroless bath solution was similar but used ammonium chloride instead of sodium
glycolate. The result of changing the pH of the solution is shown in Figure 10. This shows
a bell curve for the deposition rate (triangles).
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Figure 10: Effect of bath pH on Phosphorus content (squares, left scale) and
deposition rate (triangles, right scale) of Ni-P alloy coatings for moderately basic
baths. This graph shows the phosphorus co-deposition concentration increases as the
pH decreases and that there is a bell curve for deposition rates. The maximum
deposition rate is achieved with a pH of 8. [12]
Figure 10, shows response to pH in an alkaline bath. This indicates that raising the
pH of this solution will not necessarily increase the deposition rates. Alkaline bath
solutions react differently to changes in pH than to acidic solutions.
Another way to increase deposition rate and lower phosphorus content in a
deposition is by using ultrasonic waves in the solution. A study reported that the plating
rate of an alkaline hypophosphite electroless nickel plating bath increased 15 times, from
5 𝜇𝑚 in 45 minutes to 25 𝜇𝑚 in 15 minutes, by the addition of ultrasonic excitation of 20
kHz (the composition of the bath was not published) [13]. In 1978, a similar study to
investigate the effects of ultrasonic excitation on electroless nickel plating was published
[14]. In this study, the bath constants were: nickel salt, sodium hypophosphite, thiourea,
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used a Bransonic Ultrasonic Cleaner B-220, temperature of 87℃ ± 2℃ and the pH was
from 4-8 adjusted with KOH. The baths Solutions are shown in Table 2.
Table 2: Bath Recipes used in ultrasonic study by G. O. Mallory [14].

It is shown that in this experiment that the pH was constant at 4.8 and the
chemicals being varied were the complexing agents. These should help maintain pH
levels, reduce the concentration of free nickel ions, and prevent precipitation of nickel
salts such as phosphides [3].
Table 3, shows the results of each bath solution and the effect that the ultrasonic
agitation had on the deposition rates and phosphorus content. The enhanced performance
has attributed to a phenomenon known as cavitation [13]. Bubbles on the substrate’s
surface develop due to evaporation of the liquid in low pressure regions caused by the
ultrasonic wave. The standing waves cause alternating compression and
tension/rarefaction. The latter causes evaporation. The collapsing of the bubbles releases
localized energy that is sufficient to break chemical bonds [14]. Agitation also increases
the rate of deposition because, due to the production of hydrogen ions at the surface of the
substrate, the pH at the surface must be lower than in the body of the solution. The
additional mixing due to the ultrasonic waves reduces the thickness of the diffusion layer
on the surface and brings the surface interface pH closer to that of the bulk solution. [15]
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Table 3: Comparing Ultrasonic deposition and non-ultrasonic deposition of
electroless Nickel plating [11]

Table 3 also shows that, depending on which complexing agent is used, the
ultrasonic agitation may have a large effect or have little to no effect on deposition rate
and phosphorus content. 4 out of 5 bath solutions did see improvement with agitation. The
one solution that had the worst results to begin with showed no improvement.
Another class of additives used in electroless baths is called stabilizers. Some bath
solutions can be used for a long time without using a stabilizer, while other solutions can
decompose very quickly. This decomposition of the bulk solution is usually signified by
an increase in bubble formation, hydrogen gas, followed by the precipitation of fine black
particles before the solution exhausts itself completely. With a hypophosphite solution, the
precipitated particles are nickel phosphides [3] and nickel phosphorus alloys.
To prevent solutions from decomposing, four main types of stabilizers are used
today. Two of the groups are compounds of group IV elements and oxygen-containing
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compounds. They require a concentration as low as 0.1 ppm but if the concentration
becomes higher than 3 ppm, plating stops completely [3]. Unsaturated organic acids and
heavy metal cations are the other two groups. Their molar concentration ranges from 10-3
– 10-6 and 10-1 – 10-3, respectively [3]. To identify whether or not a solution is stable, a
couple of millimeters of a 100-ppm palladium chloride solution is added to the sample
solution. If no black precipitate form, within the first 60 seconds, then the solution is
stable. [3]
2.2.1.2 Experimental solution concentrations used in this thesis
Table 4, shows the initial solution concentration prior to the addition of ammonium
hydroxide, which raises the pH level to desired amount.
Table 4: Electroless solution concentrations evaluated
Electroless
Material
Nickel Sulfate
Nickel Chloride
sodium Hypophosphite
Sodium Citrate
Ammonium Chloride

2.2.2

Solution 1
g/l
42.1
x
42.2667
47
x

Solution 2
g/l
x
20
20
10
35

Electroplating Method
In nickel electroplating, direct current is made to flow between two electrodes

submerged in an aqueous solution of nickel salts. At the cathode, Ni2+ (nickel ion) in the
electrolyte solution gain electrons from the cathode(substrate), achieving a metal state and
depositing onto the substrate. In parallel, the current oxidizes Ni metal on the anode, Ni2+,
restoring the Ni2+ concentration in the solution. The electrons released from the nickel will
travel through the power supply and interact with nickel ions at the surface of the cathode.
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The ability to plate complicated structures with recessed surfaces is quantified by
the solution’s throwing power. Throwing power is a function of ionic conductivity of
solution, current efficiency, and applied current density. If a solution has high throwing
power the deposition is almost equal thickness on both recessed and prominent surfaces.
To increase a nickel electroplating solution’s throwing power, increase the distance
between electrodes, raise the pH, lower the current density, raise the temperature, and
increase the electrical conductivity of the solution [16].
Covering power is the ability of the solution to initiate plating on the cathode. To
improve covering power sometimes the surface of the substrate can be pretreated [16].
Throwing power is used synonymously with covering power due to the fact if a solution
has a low throwing power then it also has a low covering power.
The general design for the apparatus used for electroplating powders in this
experiment was invented by Pay Yih in 1997 [1]. Figure 11, shows the generic model that
was used as a guide for the apparatus design.
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Figure 11: Electroplating Apparatus design. A container (5) holds particles (3) that
settle on the surface of a cathode (4) while the anode (1) is suspended in an electrolyte
solution (2). A stirring mechanism (6) disperses the particle into solution. [1]
There are three methods of operating the device shown above. One is to
encapsulate the particles (3) while the stirrer (6) is spinning. In theory, this would plate
particles as they came in contact with the cathode, uniformly coating the bulk solution.
This method is not ideal due to the fact that some nickel could be plated on the exposed
cathode rather than on the particles in the solution. Only the particles in electrical contact
with the cathode will be plated.
The second method is to stir the solution with particles, then stop stirring and let
the particles settle. Once the particles have loosely settled on to the cathode an electrical
charge is applied to encapsulate the powders that form a connection with the cathode.
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Some ions can be trapped between powder particles are able to make an electrical contact
with the cathode, but a good path to restoring ions to the electrolyte solution takes place
near top of powder pile. At the top of the powder pile, bridging of powder particles is most
likely. Bridging occurs when the applied coating layer during a single cycle connects one
or more particles together. To prevent bridging, the current is applied for a short amount
of time and then the cycle is repeated.
The first method is not as efficient as the second method for a few reasons.
Electroplating requires electronic connection to the cathode (4). A particle not in contact
may have deposition on one side, but will have dissolution on the other, for no net gain of
deposition. There is also the issue of nickel being deposited onto the cathode itself, rather
than on the particles (described in Section 4.2.1). Ni deposited on the cathode but not on
the particle is “lost”, increasing the cost of the process.
A third method can be implemented that applies the current in the middle of the
settling phase. The electricity is turned off before the stirring step and turned back on after
the particles have fully covered the cathode but have not completely settled. This will
allow for plating to happen on layers as the particles begin to stack. Also, the loosely
contacted particles will create channels between particles that allow electrolyte solution
and metal ions to exist below the surface to a certain depth. Therefore, with an optimal
height of particle sedimentation, cathode contamination may be avoided. The optimal
thickness of sedimentation depends on the throwing power and covering power of the
electrolyte solution, distance between the top layer of particles and the anode, density
morphology, and the conductivity of the particles. The anode is usually placed at a
distance greater than 5 mm away from the top layer of the particles.
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Electroplating can also vary with the chemical composition of the electrolyte bath.
Electrolytic solutions are effected by temperature and pH level. For a shinier nickel finish,
the temperature can range from 55℃ to 65℃. The pH levels in nickel plating solution
should be between 2 – 4.5 [16]. If a solution has a pH above 5, the throwing power starts
to decrease, and a thin layer of nickel hydroxides will deposit [17] on the surface of the
cathode. This will create a rough plating surface and decrease plating efficiency.

2.3

Calculation
To optimize ingredients and ensure that procedures are completed efficiently,

calculations are performed to evaluate experiment’s performance and confirm theoretical
assumptions. The necessary quantity of each ingredient to produce a coating thickness that
would change the nickel particulates % wt. from 8 % wt. to 25 % wt. was calculated. This
was evaluated for the electroplating and for electroless plating methods.

2.3.1

Calculate total deposition area
To calculate the total deposition area, first calculate the number of particles per

unit mass from specified average diameter, assuming all particles spheres are the same
size, and known density. With the assumed diameter calculate the surface area of one
particle multiply the surface area per particle by the number of particles per unit mass.
Eqn. (2-4), is the consolidated equation used to approximate the total surface area that
nickel is being initially deposited on.
𝐴𝑠 =

6 ∗ 𝑚𝑡𝑜𝑡
𝜌𝑝 ∗ 𝐷𝑝
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(2-4)

With As = Surface area, 𝐷𝑝 = average diameter of particulate, 𝜌𝑝 = Density of
metal, and 𝑚𝑡𝑜𝑡 = total mass of powder being encapsulated. For example, the total surface
area of a pound of powder was calculated to be 1.67 * 105 cm2. With a known amount of
weight, surface area can be calculated and then be multiplied by the desired thickness.
This will give the total amount of nickel to be deposited on all the particulates. With these
calculations, it is assumed that all plating is uniform and comprised of 100% nickel.

2.3.2

Calculate Target plating thickness and volume
In both processes the goal was to encapsulate the Cr-Ni-C with 25% wt. Ni. Both

methods are expected to deposit a uniform coating thickness. One third the mass of a CrNi-C sample is equal to the mass of nickel required to add 25% wt. nickel on to all Cr-NiC particles, if the nickel deposition was uniformly on the particles. Then with a known
added mass of nickel and a known original diameter of the particle, the particle diameter
after coating can be determined. The volume of added nickel is the mass of added nickel
divided by the density of nickel. The total volume of the encapsulated particle is the
volume of the added nickel plus the original volume. Equation (2-5) is used to determine
the thickness required to achieve a nickel coating that is 25 % wt. Ni.
𝑚
6
[(𝑉𝑝 + 𝜌 𝑁𝑖 ) 𝜋]
𝑁𝑖
𝑡=
2

1⁄
3

− 𝐷𝑜

(2-5)

Where t = thickness of nickel coating, Vp = original volume of particle, mNi = mass
of 25% wt. nickel, ρNi = density of nickel, and Do = the original particle diameter. For an
average original particle diameter of 44 μm, the thickness calculated was 9.75 μm.
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2.3.3

Electroless Deposition
To calculate the amount of solution required to deposit a given thickness, the

stoichiometric equation below was analyzed. It was observed that as long as the reducing
agent was available in excess, then the nickel would completely metalize. In the solution
used at Pennsylvania State University the concentration of hypophosphite ions was 3
times more than the stoichiometric match for the nickel to make sure that all nickel was
deposited.
𝑁𝑖𝑆𝑂4 + 𝑁𝑎𝑃𝑂2 𝐻2 + 𝐻2 𝑂 → 𝑁𝑎𝑃𝑂3 𝐻2 + 𝑁𝑖 + 𝐻2 𝑆𝑂4

(2-6)

From equation (2-6), for every mol of nickel there needs to be one mol of
hypophosphite. Therefore, theoretically if there is more hypophosphite than nickel in the
solution then all of the nickel should be reduced and deposited as mentioned on Section
2.2.1, decomposition of the hypophosphite competes with the deposition of Ni, so an
excess of hypophosphite is necessary. Using the recipe shown in Section 3.3 the nickel
should completely deposit if all other parameters were correct.
This calculation for nickel sulfate is an approximation because previous work with
electroless nickel encapsulations have yielded agglomerates in the solution [2]. The
experiments in Chapter 3, will allow for further analysis of this reaction equation (2-6).

2.3.4

Electroplating
The current and time needed to deposit a given thickness may be calculated as

described below. First, calculate the amount Ni that can be deposited, using equation
(2-7).
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𝑊=

𝐼𝑡𝐴
𝑛𝐹

•

W = mass of deposited metal in grams

•

I = Ampere

•

t = Time in seconds

•

A = Atomic mass of metal in grams per mole

•

n = Number of valence electrons (Nickel n = 2)

•

F = Faraday number (96,485.309 coulombs/mol)

(2-7)

Equation (2-8) calculates the thickness with a known weight and surface area.
𝑇=

•

T = Thickness

•

ρ = Density in g/cm3

•

S = Surface area of particle cm2

𝑊
𝜌𝐴𝑠

(2-8)

Substitute equation (2-7) into equation (2-8) and solve for current and time, shown
by equation (2-9).
𝐼𝑡 =

𝑇𝜌𝐴𝑠 𝑛𝐹
𝐴

(2-9)

Now it is easy to solve for the current needed or the time it will take to deposit one
micron. Current can be adjusted to yield an efficient current density given a specific
cathode area. Industrial electroplating, Watts nickel, operates with a current density from
3- 11 Adm-2 [16]. To calculate the plating rate in this study, the following information is
known: cathode area (Top layer of particulate in 450 ml beaker) = 28.27cm2 and current =
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3 A (max of TENMA DC laboratory power supply). If the maximum current is used, then
the plating rate is 2.23 μm per minute on the top of the sedimented powder. If that material
were uniformly distributed in the powder instead, as described in Section 2.2.2, then the
plating rate would be # 𝜇𝑚/𝑚𝑖𝑛 on all the powder.

2.3.5

Sedimentation Time
There are two forces opposing particles from settling to the bottom. First consider

the viscous forces acting on the particulates. Stokes’ law gives viscous resistance of the
fluid on the surface of a sphere. On a single particulate, the drag force and gravitational
force are acting equal and opposite to each other. Terminal velocity of the particulate can
be determined using equation (2-10), below.
𝑣=

𝑔(𝜌𝑠 −𝜌𝑓 )𝐷2
18𝜇

(2-10)

This does not however consider the pressure drag on the particle. At all times a
force from the water is directly hitting the face of the sphere slowing the falling speed of
the particle. To see if this force has a significant impact a particle the particle Reynolds
number: Rep is calculated with equation (2-11). If 𝑅𝑒𝑝 < 0.1, viscous forces dominate the
motion of the particle, and equation (2-10) gives its terminal velocity.

𝑅𝑒𝑝 =

𝜌𝑓 𝑣𝑡𝑠 𝐷
𝜇

(2-11)

From equation (2-11), The vts was calculated to be approximately 3 mm/s,
inputting that into equation (2-11), and using the estimated particle diameter of Cr-Ni-C
powder of 44 μm, the Rep was on the order of 10-7, considerably less than 0.1. Therefore
Stokes’ law applies and equation (2-10) can be used [18].
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Now with a known height of the solution, the sedimentation time can be
approximated by dividing the height of solution with the vts. If the solution is 30 mm high,
then it will take approximately 10 seconds for all the particles to fully settle.
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CHAPTER 3
3

3.1

ELECTROLESS DEPOSITION

Purpose
The goal is to encapsulate Cr-Ni-C particulates with a uniform coating of Ni, up to

wt. 25%. In this chapter, results are presented for coatings produced by electroless
deposition. Preliminary experiments were conducted isolating experimental variables and
observing a well characterized macroscopic substrate, allowing for the solution, apparatus,
and procedures to be evaluated. The microscopic Cr-Ni-C particle experiments were then
conducted to evaluate the impact of changing size and material has on performance shown
in previous experiment. An analysis of the operational cost, including materials, was
conducted to see if electroless deposition is a financially viable method for industry.

3.2

Overview
The nickel sulfate solution previously used by Pennsylvania State University [19]

successfully deposited nickel onto the copper penny. However, the nickel chloride
solution, derived from the book of Modern Electroplating [3], did not successfully deposit
nickel onto the penny. The nickel sulfate solution was therefore used all subsequent
experiments on electroless deposition. A new apparatus was utilized for the Cr-Ni-C
experiments to achieve a more gradual temperature gradient throughout the solution and
use ultrasonic waves to suspend particles one the electrolyte solution. The ultrasonic bath
apparatus allowed for the electroless solution to begin depositing Ni at a temperature of 60
℃ compared to the hotplate process that started plating around 85 ℃. The initial addition
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of ammonia extended the plating process and made it easier to maintain a consistent
alkaline pH level throughout the process and lowered the reaction temperature to 44 ℃. A
cost analysis was also conducted to evaluate if this method is financially sensible in an
industrial setting.

3.3
3.3.1

Preliminary procedures
Cleaning glassware and equipment
Proper cleaning of all glassware, thermometers, and stirrers is important for the

success and repeatability of the metal deposition. Failure to properly clean all exposed
surfaces can result in significant deposition on the glass instead of on the desired substrate.
The cleaning of all glassware, thermometers, and stirring rods performed using the
following procedure in Appendix A.

3.3.2

Cr-Ni-C pretreatment process
A nitric acid solution was used to clean contaminants from the surface of the Cr-

Ni-C particles and to create a hydrophilic surface, favorable for deposition. Procedures
were completed in accordance with Appendix B.

3.3.3

Nickel sulfate solution (Solution 1)
All measurements were performed inside fume hood with plastic weigh boats.

From the calculation shown in Section 2.3; nickel sulfate, sodium hypophosphite
hexahydrate, and sodium citrate dehydrate measured out and placed into a glass beaker.
Deionized water was added until solution volume reached the required level. Then the
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solution was stirred using a magnetic stirrer bar at 700 RPM. Once the powder had
dissolved completely, ammonium hydroxide was added to bring solution to a pH of 10.

3.3.4

Nickel chloride solution (Solution 2)
A solution with the concentration ratios described in Section 2.2.1.2 was scaled

down to encapsulate a copper penny with a 20 𝜇𝑚 thick coating. All solid powder
ingredients were placed into a 150-ml glass beaker. The beaker was then placed on top of
a stir plate. Deionized water was added until level solution level reached the required
volume. Then the solution was stirred using a magnetic stirrer bar at 700 RPM until the
solution became homogeneous. Ammonium hydroxide was added to bring solution to a
pH of 9.5.

3.4
3.4.1

Macroscopic Substrate
Purpose
Preliminary test on a well-characterized substrate, of macroscopic dimensions,

separated effects of the size of the substrate composition from the effects related to the
composition of the solution. A copper substrate at 1.9 cm diameter & 0.152 cm thick (a
penny from 1943 to 1982 was used).

3.4.2

Setup

Equipment:
• Copper penny (1950-1982)
• Hotplate
• Thermometer
• Weigh scale
• 20 ml Glass beaker
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All processes were conducted in a fume hood and proper personal protective gear
was worn. All glassware and thermometers were cleaned according to the procedures
described in Section 3.3.1. The copper penny was prepared with a nitric acid solution
according to procedures described in Section 3.3.2.
A glass beaker with 10 ml of electroless plating solution was placed on a hotplate.
The volume of solution needed was determined by using the calculations in Section 2.3.3
to determine the required amount of nickel salt needed to deposit a 20-mm thick coating
on the surface of a penny. A submersible thermometer was then mounted on stand and
placed into solution without touching glass beaker. Initially the solution was at room
temperature with hotplate turned off.

3.4.3

Penny experiment solution 1 (Nickel Sulfate solution)
The penny was placed in the solution and the initial pH was measured using pH

strips. The hotplate was then set to 150 ℃ resulting in heating the solution at an initial rate
of ~ 6℃/𝑚𝑖𝑛. When the solution temperature reached 87℃, the hotplate was turned down
(cf. Figure 14). The pH was checked every change in temperature change of +/- 5℃. If the
pH dropped by 1, 1 ml of ammonium hydroxide was added to the solution. This was done
in an effort to counter the production of sulfuric acid by the plating reaction (cf. [3]) and
to maintain a pH of 10. Figure 12 shows the setup of the penny experiment.
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Figure 12: Setup for electroless deposition of Ni on a macroscopic substrate
In Figure 12, the solution is being heated to an activation temperature. The
electroless plating process lasted 24 minutes from start to finish. After about 5 minutes of
heating the solution with the hotplate the temperature reached 85 ℃. Hydrogen bubbles
began to form on the surface slowly and then the production of hydrogen bubbles
increased rapidly. The electroless nickel deposition produced sulfuric acid (hydrogen ions)
at a faster rate than the ammonia was being added. Therefore, the pH of the solution fell,
eventually reaching a pH of 6. Eventually the solution concentration of Ni falls. The
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reaction favors the disproportion of hypophosphite to nickel sulfate. The hypophosphite
begins to decompose and phosphorus react with nickel producing Ni-P alloy precipitates
in bulk solution. Figure 13, shows the visual change in the solution as plating is occurred.

Figure 13: In process images of electroless nickel plating of a copper penny,
experiment 1.
Initially it was observed that hydrogen was only being produced on the surface of
the penny. Then as the process continued the hydrogen bubbles were also being produced
on the bottom surface of the beaker. This was due to the temperature at the bottom of the
beaker was substantially greater than that of the bulk solution. It was also observed that
once the process began, the solution began to cool down even though the solution was
being heated by the hotplate. Initially the hotplate was set to 150℃ until the solution
reached a temperature of 87℃. Then the hotplate was lowered to 100℃ until the solution
reached 80℃, at which point the hotplate was increased back to 150℃. Figure 14, shows
the solution temperature decreased even when the hotplate temperature increase. This
decrease in temperature can be attributed to the boiling of the ammonia, absorbing its heat
of vaporization. At 87℃, ammonium hydroxide will evaporate ammonia until the solution
drops below 2% NH3 by wt. [20]. To maintain constant pH there are three possible
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methods: more ammonia can be added to replace the ammonia lost, the temperature of the
solution can be reduced, or the experiment can be performed under pressure. Performing
the experiment under pressure would decrease gas phase reactions like hydrogen and the
solution would produce more sulfuric acid and less hydrogen gas while plating. This may
reduce the phosphorus deposition also.
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Figure 14: The electroless macroscopic experiment shows that the process lasted
about 22 mins and the pH dropped at a steady rate until ammonia was added where
the pH remained constant.
Figure 14 also shows the decrease in pH throughout the experiment. A total of 7ml of ammonium hydroxide was added to the solution in 1 to 3 ml increments.
3.4.3.1 Results and discussion
The penny was fully coated by nickel as shown in Figure 15. The black rough
surface was due to nickel phosphorus alloy that precipitated at the end of the experiment
as the remaining solution decomposed. This can be attributed to two reasons: the decrease
in pH levels allows for a greater percentage of phosphorus deposition and the reduction of
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nickel concentration in the bulk solution allows for the phosphorus to co-deposit with the
remanding nickel.

Figure 15: Electroless encapsulated penny with Ni and a copper noncoated penny.
The electroless nickel deposit fully encapsulated the penny. The amount of
solution used was predetermined to encapsulate the penny with a coating thickness of 20
𝜇𝑚. As shown in Figure 16, the penny was covered in approximately 15 𝜇𝑚 of nickel.
The backscattered electron analysis shows changes in a materials atomic number
by a contrast in gray scale. Cu (atomic number 29) and Ni (atomic number 28) are difficult
to capture the contrast in gray scale. Nevertheless, the difference in morphology between
the plating and substrate is clearly visible in Figure 16, as is the thickness of the deposited
material. It is also clear to see that about 2 𝜇𝑚 of the final deposition contains a significant
concentration of another material, phosphorus.
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Figure 16: Backscattered electron image of Ni coating using electroless deposition.
The image show a total coating thickness of approximately 15.4 um with
approximately 13.33 um of almost pure Ni.
Through energy dispersive spectroscopy (EDS), the composition of the materials
being imaged can be identified. Figure 17 is an EDS image of the electroless nickel
encapsulated copper penny that was cut with a diamond blade and then ground and
polished. The cracks observed are in the image could be from the initial cross sectional cut
made a diamond saw. Cracks were not seen in Cr-Ni-C experiments discussed later
therefore, further investigation of crack formation was not conducted in this work.
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Figure 17: The EDS image of an electroless deposition on a penny show that a large
amount of Ni was being deposited until the end of the process, where a larger
concentration of P began to be co-deposited.
Figure 17 uses EDS to highlight different atomic species present in the sample.
Green is Ni, blue is P, and red is Cu. A point capture in EDS shows that the green section
is almost pure Ni.
Figure 18 is a backscattered electron image of the same region of coating, with the
location of a point analyzed by EDS superimposed.
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Figure 18: The Backscatter electron image identifying a point in a high P area of a Ni
coated penny using electroless deposition.
In the backscattered electron image, it is unclear how much a particular material is
at each location. The gray scale of backscattered electron imaging does not quantify the
elemental concentration at a location. At best, it shows the change in elemental
composition as a change in contrast. Figure 19, is a graph of the collected electrons and
their energy levels received at the location sown in Figure 18.
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Figure 19: the EDS Spectrum of the point indicated in Figure 18 shows that this
outer layer of the deposit is Ni containing a large amount of P and essentially free of
Cu.
The large spike on the left is comprised of low-energy Ni and Cr x-rays
superimposed with carbon, therefore are disregarded in the quantification. The carbon xrays are from the carbon coating covering the epoxy. Also, low-energy x-rays are not as
accurate in distinguishing between elements as compared to the K-series x-rays at energies
of 6-8 keV.
Table 5 shows the composition of the material at the point shown in Figure 18. The
table reveals what cannot be discerned form the backscattered electron image: that the
discolored area is only 13% phosphorus and about 85 % Ni by weight. The low
concentration of copper measured by the EDS curve-fit is likely an artifact of the curve
fitting process and the close spacing at the Ni and Cu K-𝛼 lines.
Table 5: EDS Concentration data from EN Penny point capture in high phosphorus
area.
Element
Phosphorus
Nickel
Copper

norm. wt.%

norm.
atomic %

12.99478
84.9702
2.035016
100

22.08972
76.22414
1.686144
100
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3.4.4

Macroscopic Experiment solution 2
The Nickel Chloride solution failed to deposit Ni onto the penny. The experiment

was conducted the same way as the previous solution experiment. The penny solution was
heated to above 90 ℃ without plating. The solution boiled for ten minutes with no visible
formation of hydrogen bubbles. Therefore, the procedure was stopped. It was concluded
that this was not a productive plating solution. Table 6, shows the composition of the
solution used in experiment.
Table 6: Nickel chloride solution (cf. [15])
Nickel Chloride Solution (13 ml)
Ingredients
mass (g)
Nickel Chloride
0.259
Sodium Hypophosphite
0.259
Sodium Citrate
0.129
Ammonium chloride
0.452

3.5

3.5.1

Electroless nickel encapsulation of Cr-Ni-C with Pennsylvania State University
recipe
Purpose
The objective is to coat the Cr-Ni-C particles so that the particle gains a nickel

layer of 25% by weight. This test was to evaluate the performance of electroless
deposition of nickel in an ultrasonic bath environment, utilizing the same solution that was
used to encapsulate a copper penny (Section 3.3.3).
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3.5.2

Solution
All processes were conducted in a fume hood and proper personal protective

equipment was worn. All glassware and thermometers were cleaned following the
procedures described in Section 3.3.1. The Cr-Ni-C powder was prepared with nitric acid
solution, procedures described in Section 3.3.2. The electroless solution was made
following procedures described in Section 3.3.3. The desired weight was measured out in
plastic weight boat.

3.5.3

Apparatus
The experimental apparatus was changed for the powders to use the ultrasonic

energy to suspend Cr-Ni-C particles in the solution. During the macroscopic experiment
(Section 3.4) Ni deposited onto the bottom of the beaker instead of the surface of the
particles. Therefore, another heating apparatus was design to surround the electroless bath
with a constant heat. The Branson 1510, ultrasonic bath manufacturer’s technical support
verified that the device could handle 90℃ water without causing damage to the
equipment. Figure 20 shows a block diagram of the setup implemented in Cr-Ni-C particle
experiments.
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Figure 20: Block diagram of electroless deposition apparatus setup.
As Figure 20 shows, the water was heated and pumped into the ultrasonic bath.
Then water was gravity fed back to the beaker on the hotplate to be heated again. The
pump was controlled by regulating the voltage and operating a control valve to maintain a
flow rate equal to that in the gravity fed return line flow rate.
Figure 21, below shows the actual setup used in the experiment. A thermocouple
was used to monitor the temperature in the solution, while a submersible glass
thermometer was used to monitor the temperature of the water on the hotplate.
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Figure 21: Electroless nickel plating setup with ultrasonic bath and water pump.
Once the process began the heating system required little adjustment throughout
the experiment. The temperature of the water on the hotplate did not exceed 87℃.

3.5.4
•
•
•
•
•
•
•
•
•
•

Equipment and Personal Safety Equipment
Hotplate
Branson 1510 ultrasonic bath, resonant frequency of 42kHz +/- 6%
Glass submersible Thermometer
Thermocouple thermometer type K
Weigh scale
DC power supply
Plastic weight boats
12 V Attwood portable water pump
3/8” ID POLYSPRING® PVC Food & Beverage Vacuum hose KTM081027
3 x 1L Glass beakers
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Safety gear:
• Long sleeve lab coat
• Plastic gloves (powderless)
• Safety goggles
• N95 particulate respirator
• Oven mitts (to handle glass beaker on hotplate if needed)

3.5.5

Procedure
The solution was made to add 25% nickel by weight to each Cr-Ni-C particle. For

20 g of pretreated Cr-Ni-C powder, 1/3 of that mass is the required mass needed of nickel,
assuming that 100% of the nickel was to be plated on Cr-Ni-C surfaces. Using the molar
mass of nickel and nickel sulfate, a mass ratio was derived to calculate the required mass
of nickel sulfate, shown in Table 7. The rest of the ingredients are calculated by using
concentration ratios from recipe given in Section 3.3.3. From the macroscopic experiment
25% of the nickel was not plated on the substrate. The target nickel deposition on Cr-Ni-C
particles at least 75% of the nickel in solution, predicting that Ni will not deposit on
beaker surfaces. The solution composition used for this experiment is shown in Table 7.
Table 7: Electroless experiment ingredients with Cr-Ni-C powder pretreatment
Material

Calculated (g)
20
29.895
30.135
33.45
710

CR-Ni-C
Nickel Sulfate
Sodium Hypophosphite
Sodium Citrate
Deionized Water (ml)
Ammonium hydroxide (ml)

Actual (g)
19.9
29.9
30.2
33.4
760
27

The solution was prepared inside a fume hood in accordance with procedures
described in Section 3.3.3. Then the ultrasonic bath and water pump were placed into the
fume hood, while the hotplate is placed on a table close to the fume hood (shown in Figure
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21). A one - liter glass beaker was filled with water and heated on hot plate until the water
reached a temperature of 90℃. Then oven mitts were used to pour the hot water into
ultrasonic bath until water level reached the fill line. Next 500 ml of water was added into
the one liter glass beaker and back onto the hotplate. The beaker on the hotplate must have
a lower water level than the water level line in the ultrasonic bath. A gravity syphon
system and return tubing with a water pump were configured between the ultrasonic bath
and hotplate. Once the gravity syphon system was primed, the portable water pump was
turned on. The voltage control and or globe valve was used to regulate the pump flow rate
to maintain a constant water level with a steady recirculation of water. Then an empty one
liter glass beaker was placed into a stand holder, submerging the lower part of beaker. The
water pump flow was reduced while the beaker was being submerged into bath. Then
water pump settings were restored once water line returned to normal operation level.
Cavitation of bath water did not happen but if bath water started to foam, the power would
be shut off to the portable pump and ultrasonic bath and hoses would be removed from the
bath.
The ultrasonic bath was turned on and Cr-Ni-C powder was placed into the empty
beaker. The electroless solution was then poured into the beaker. The solution
temperature and pH levels were initially measured and recorded. The pH level was then
recorded at least every time the temperature changed +/- 5℃. If the pH dropped by 1, 1-2
ml of ammonium hydroxide was added to the solution. This was done in an attempt to
maintain a pH level of 10. Figure 21, shows the setup used for electroless nickel
deposition on Cr-Ni-C particles.
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Once electroless deposition was completed a vacuum filter process was conducted
in accordance with Appendix C.

3.5.6

Results and discussion
Figure 22, represents the recorded data of pH levels and temperature during the

electroless nickel encapsulation experiment without initial surplus of ammonia.
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Figure 22: Electroless experiment no initial ammonia surplus shows a constant rise
in temperature and a sharp drop in pH at 19 minutes leveling off after 22 minutes
with a pH of 6.
The apparatus worked as intended and allowed for a lower temperature gradient
throughout the solution compared to the hotplate. No particulates were deposited on the
beaker except for a thin layer of black precipitates above the surface of the solution. These
were likely deposited by droplets of solution splattered by the bubbles and ultrasound.
Once the hydrogen bubbles started to form the intended amount of ammonia was
not enough to keep the pH constant. During the experiment, 2 ml of ammonia was added
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at a time, to offset the increase in acidity. This was still not enough, and the solution again
reached a pH of 6.
The reaction began at a temperature of about 60℃ and the duration of deposition
was 22 minutes. Before a reduction in the rate production of hydrogen bubbles was
observed, a small sample was removed from solution, about 15 minutes after the
production began. After the hydrogen bubble production reduced to small isolated areas
and not throughout the bulk solution, the entire solution then was removed from the
ultrasonic bath.
After completion of deposition, a filtering procedure was followed in accordance
with Appendix C. Then a portion of the dried particles were mounted in epoxy resin puck,
then grinding and polishing was accomplished in accordance with Appendix D.
Figure 23, shows a cross section view captured by backscattered electron imaging.
The green point on the image was analyzed using EDS.
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Figure 23: Backscattered electron image of electroless encapsulated particles
The EDS image shown in Figure 24, shows the chrome particle in blue, Ni in
green, and P highlighted in red. The image shows nickel and phosphorus have successfully
encapsulated the Cr-Ni-C particles. Additional nickel-phosphorus particles precipitated
throughout the solution, not just on the surfaces of the Cr-Ni-C particles. The Ni-P
particles had a size on the order of 1-3𝜇𝑚 in diameter, and formed varying structures and
agglomerations.
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Figure 24: EDS image of Cr-Ni-C particles encapsulated with Ni using an electroless
deposition method. This shows that the Ni is being plated initially then eventually P is
co-depositing with Ni. Ni-P alloy precipitates are also visibly being produces amid the
Cr-Ni-C particles.
Table 8 shows the element composition of the point indicated in Figure 23 and
Figure 24. It shows that nickel has successfully deposited on the surface of the Cr-Ni-C
particles, with some co-deposited phosphorus.
Table 8: EDS Point capture data of electroless nickel coating
Element
Nickel
Chromium
Phosphorus

[norm.
wt.%
91.36
3.74
4.89
100
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norm.
atomic %
87.12
4.02
8.84
100

EDS quantified that the coating was 91% wt. Ni, 3.7% wt. Cr, and 4.9% wt. P. The
Cr is most likely an artifact of the EDS measurement and was picked up due interference
from boundary layer fluorescence.
Figure 25, is a backscattered electron image of a bulk solution that has undergone
electroless nickel deposition experiment without an initial surplus of ammonia.

Figure 25: Backscattered electron image of electroless experiment, showing the
encapsulation of Cr-Ni-C particles and precipitates amongst them.
Figure 25 above, shows a backscattered electron image of the electroless sample
with a scale of 80 𝜇𝑚. The darker gray is predominantly comprised of Cr, white is
predominately comprised of Ni and then shades in between are a mix of both with
phosphorus being indistinguishable. Figure 26 is the EDS analysis performed on the green
box visible in Figure 25.

54

Figure 26: EDS image of electroless experiment showing the encapsulation of a
majority of the Cr-Ni-C particles with a large amount of Ni-P precipitates amid the
Cr-Ni-C particles.
Figure 26 shows an EDS elemental map, with P in blue, Ni in green, and Cr in red.
It is clear that not all particles were uniformly coated with Ni, but all particles that were
coated, did not adhere to other particles in the process. The formation of nickel phosphides
reduced the amount of nickel available to coat the powders below that necessary to
achieve the desired thickness of 4 μm. A reduction in the formation of agglomerates could
lead to a thicker coating and possibly an encapsulation of all Cr-Ni-C particles.
A large amount of nickel phosphorus was deposited throughout the solution and
the area highlighted in yellow was quantified to determine the concentration of Ni, Cr, and
P contained within, shown in Figure 27 below.
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Figure 27: EDS spectra graph of electroless experiment shows the K- series electron
energy captured. The elements present are phosphorus (red line), chromium (Green
line), and nickel (blue line).
Table 9, shows the quantitative results of the area analyzed in Figure 26 and Figure
27. The sample area was comprised of 64% Ni, 28 % Cr, and 7% P.
Table 9: EDS composition of electroless sample shows that the sample area was
comprised of 64% wt. Ni, 28 % wt. Cr, and 7% wt. P
Element
Phosphorus
Chromium
Nickel

norm.
wt.%
7.09
28.51
64.38
100

norm.
atomic %
12.22
29.25
58.51
100

A small sample was removed early to evaluate the plating rate and to determine
whether or not the nickel phosphides were only produced at the end of the reaction, once
the visual indicators presented themselves as seen in Figure 13. Visual indicators at the
end of the deposition include the formation of black particulates and the color of the
solution changing from light green to a dark blue. Unfortunately, a plating rate was unable
to be determined because the variation of plating thickness from particle to particle was
large and larger than the difference between samples.
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Figure 28, shows the backscattered electron image of a sample of Cr-Ni-C powder
that was removed from the process 15 minutes after it started.

Figure 28: Backscattered electron image of particles removed after 15 mins of
electroless deposition.
Figure 29, is an EDS image of the electroless sample that removed early from the
experiment.

57

Figure 29: EDS image of particles extracted after 15 minutes of electroless deposition
experiment, showing a lower density of Ni-P precipitates than Figure 26.
Comparing Figure 25 with Figure 29, similar cross sectional areas are analyzed,
but it is apparent that Figure 29, shown above, has a lower concentration of nickel
phosphides between particles. Due to the random dispersal of particles, the difference in
prevalence of the phosphides is qualitative only.
Further analysis with EDS quantify in Table 10, The elemental weight percentage
of the area inside the yellow box shown in Figure 29, above.
Table 10: EDS quantitative results for electroless sample removed early.
Element

norm.
wt.%

Phosphorus
Chromium
Nickel

4.95
51.45
43.58
100
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norm.
atomic.
%
8.45
52.30
39.24
100

Table 10 shows that the area is comprised of 51% Cr, 43% Ni and almost 5% P.
The concentration of phosphorus is less than half of that shown in Figure 26 and Table 9.

3.6
3.6.1

Electroless Cr-Ni-C solution with surplus of ammonia
Solution
Solution was made following procedures described in Section 3.5.2 and

experimental concentrations are shown in Table 11. This solution differs from that in
Table 7 by the addition of 10 ml of ammonium hydroxide (28-30% concentration).
Table 11: Electroless solution composition with 10 ml initial surplus of ammonium
hydroxide
Material
CR-Ni-C
Nickel Sulfate
Sodium Hypophosphite
Sodium Citrate
Deionized Water (ml)
Ammonium Hydroxide (ml)

3.6.2

Sample (g)
20
29.895
30.135
33.45
710

Actual (g)
20.11
29.846
30.615
33.41
700
37

Apparatus
The experimental apparatus described in Section 3.5.3 was used for this electroless

nickel encapsulation of Cr-Ni-C particle experiment.

3.6.3

Procedure
The experimental procedures where conducted in accordance with procedures

described in Section 3.5.5.
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3.6.4

Results discussion
The surplus of ammonia made it easier to manage the pH levels throughout the

experiment compared to the previous experiment. Figure 30 shows the change in
temperature and pH levels throughout the experiment.
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Figure 30: Electroless deposition experiment with an initial surplus of ammonia
This solution started to react at 44℃, around 7 ½ minutes after process began. The
reaction lasted for 60 minutes until all bubbling stopped. Hydrogen bubbles formed at a
high rate from 8 minutes to 25 minutes and black particulates began forming around 14
minutes and 30 seconds into the experiment, only 7 minutes from when the first bubble
where seen. Once the black particulates formed the pH level dropped rapidly.
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Figure 31:EDS image of EN experiment with surplus of ammonia. It is apparent that
the density of precipitates is less than that seen in figures Figure 26 and Figure 29.
Figure 31 shows and EDS image taken of the same size cross sectional area as
those shown in Figure 25, Figure 28, and Figure 29. The amount of nickel phosphides
looks to be a similar to that shown in Figure 29, (in which the particles that were extracted
early).
Table 12 shows the element of the area analyzed in Figure 31, shows the element
of the area analyzed in Figure 31.
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Table 12: EDS quantitative analysis conducted on bulk solution area shown in Figure
31. The initial surplus of ammonia shows a reduction of phosphorous % by wt.
Element
Chromium
Nickel
Phosphorus

norm.
wt.%
65.51
31.77
2.71
100

norm.
Atomic %
66.70
28.66
4.64
100

EDS quantified the percent weight concentration of Cr to be 65%, Ni to be 31%,
and P to be 2% of the cross-sectional area. The phosphorus concentration is lower even
than that seen in the sample that was removed early in the process analyzed in Table 10,
and lower by a factor of 2.9 than the first experiment, presented in Table 9.

3.7

Cost Analysis
A cost analysis was conducted to see if this method is a financial viable solution to

provide Cr-Ni-C particles a nickel coating for cold spray application.
Table 13: Electroless deposition cost breakdown for operational ingredients. It shows
that it costs $2.60 to deposit one gram of Nickel. This excludes machine costs and
labor costs (cost ref. [21]). The retail price of industrial -grade chemicals in 100 g to 1
kg quantities was used as an experiment estimate at the cost of this process. In
1000kg quantities the unit price may be significantly less.
Electroless Deposition Costs
CATEGORY

INDUSTRIAL($/kg)

kg/kgNi

$/(kg Ni)

Sodium Hypophosphite Monohydrate

158.60

4.48

710.33

Nickel Sulfate Hexahydrate

278.20

4.51

1,255.99

70.00

5.01

350.75

280.20

1.00

280.20

787.00

15.00

2,597.27

sodium Citrate
Ammonium Hydroxide ($/ml)

* Excludes fixed startup costs. This is an operational cost for material

It costs $2,597.27 to deposit one kilogram of Ni. This assuming that 100% of the
Ni was successfully deposited on the surfaces of all particles. The cost of the reagent is
expensive for production on a large industrial scale.
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3.8

Conclusion
The penny experiment behaved similarly to previous work Pennsylvania State

University experiments on encapsulating hexagonal boron nitride with nickel. Both
experiments had the same deposition of nickel on the bottom of the beaker. This can be
explained by two possible factors. Since the solution is temperature-sensitive, nickel
deposition could have preferred the hot glass in contact with the hotplate compared to that
of the substrate. Another explanation for the nickel deposition on the bottom of the beaker
was due to the attraction between the nickel metal and the magnetic strip in the hotplate.
This attraction would draw any free Ni metal to the bottom of the beaker, supplementing
gravitational settling. Then, since the reaction is autocatalyze, subsequent deposition
would occur on these settled Ni particles.
Electroless nickel encapsulation of Cr-Ni-C experiments showed a decrease in
nickel phosphorus precipitates after adding an initial surplus of ammonia to the solution.
The surplus of ammonia also made it easier to keep the solution in the desired alkaline pH
range. The addition of ammonia also lowered the starting temperature of the reaction from
60℃ to 44℃. Nickel phosphorus alloys have unfortunately precipitated in all electroless
nickel samples. The precipitates are undesirable because they may cause problems with
the properties of the final cold-spray coating due to a deficiency in uniformity and
potential of fracture (cf. [19]). Future work is required to test solutions with a complexing
agent to stabilize the solution and prevent phosphorus deposition or revisit an acidic
solution that at the cost of a slightly increased phosphorus content, prevent agglomerates
from precipitating between Cr-Ni-C particles.
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Due to the high cost of deposition it is prudent to research alternatives methods of
nickel plating Cr-Ni-C particles. Depositing 1 gram of nickel on a penny is equivalent to
depositing a 198 𝜇𝑚 thick coating on one face, and costs $2.60. In an industrial
environment, this process would be expensive to operate.
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CHAPTER 4
4

4.1

ELECTROLYTIC DEPOSITION

Purpose
The goal is to create a successful method for nickel plating Cr-Ni-C powders.

Electrolytic plating was chosen because of its low cost and effectiveness in adhesion to
conductive materials. Preliminary experiments were conducted isolating experimental
variables and observing a well characterized macroscopic substrate, allowing for the
solution, apparatus, and procedures to be evaluated. The microscopic Cr-Ni-C particle
experiments were then conducted to evaluate the impact of changing size and material has
on performance shown in previous experiment. An analysis of the operational cost,
including materials, was conducted to see if electrolytic deposition is a financially viable
method for industry.

4.2

Overview
The apparatus was constant throughout all experiments, except that in the penny

experiments, a magnetic stir bar was not used. To keep the bath composition constant, a
large batch of solution was made for all experiments and small amounts were used as
needed in each experiment. Solutions were not reused in the powder experiments because
the vacuum filter was unable to separate all the Cr-Ni-C particles from the electrolyte
solution.
The penny experiment was successful in depositing a layer of Ni on the copper
penny. The Cr-Ni-C was able to be encapsulated in both experiments regardless of
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pretreatment or not. Unfortunately, the current apparatus has problems with uniformity of
coating.

4.2.1

Making electrolytic deposition solution
The experiment used a common Watts Nickel plating solution described in Section

2.2.2. To keep the bath composition constant, a large batch of solution was made for all
experiments and small amounts were used as needed in each experiment.
4.2.1.1 Ingredients:
All weights measured on a OHAUS SCOTT II scale with plastic weigh boats
• 700 ml deionized water
•

175 g nickel sulfate

•

30.1 g nickel chloride

•

28 g boric Acid

•

pH 2-4.5

4.2.1.2 Mix solution
All ingredients from Table 14 were placed in a 1 L beaker and place on Fisher
Scientific ISOTEMP hotplate with magnetic stir bar. The temperature was raised to 80℃
and stirred with a 2” nylon stir bar at 1000 rpm for 30 mins. Undissolved particles were
still present after 30 mins. Therefore, continued to stir until all particles were fully
dissolved.
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Table 14: Electrolytic solution composition
Electrolytic Solution (700 ml)
Ingredients
Mass (g)
Nickel Sulfate
175
Nickel Chloride
30.1
Boric Acid
28

Once a homogenous solution was reached, the solution was stored in a sealable
glass bottle and labeled in accordance with the environmental, health, and safety (EHS)
regulations.

4.2.2

Electroplating Experiment Procedure
Successful electroplating of metal powders has been accomplished using the

method described Section 2.2.2. Twenty cycles were estimated to be needed to
encapsulate all particles with the desired amount of nickel to obtain 25 % wt. Ni. Each
cycle is comprised of three steps.
First step, stirring: In this step, the powder particles were vigorously stirred with a
magnetic stirring bar at 900 rpm. This process is to suspend the metal powders uniformly
in the electrolyte solution and break up any nickel bridges that may have formed during
the plating process in the previous cycle. This also reduces the concentration gradient of
nickel ions in the electrolyte solution caused by a high- current electroplating process [1].
Second step, sedimentation: Stirring is stopped allowing the suspended particles to
settle down to loosely rest on the cathode. The sedimentation time is calculated in Section
2.3.5. The loosely contacting particles provide channels for electrolyte solution to diffuse
to the surface of particles farther away from the top layer (layer closest to the anode). This
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will allow metal ions to discharge and deposit on more surfaces at the same time,
increasing the deposition area.
Third step (electroplating Step), once about half (>50%) of the particles have
settled on the cathode, an electric current is passed between anode and cathode to reduce
Ni and deposit Ni ions for 60 seconds as the remaining particles settle.

4.3

Preliminary Procedures
All glassware and thermometers were prepared following standard cleaning

procedures shown in Appendix A.

4.4

4.4.1

Macroscopic Substrate

Equipment
The cathode was made from aluminum tape that covered the bottom of the beaker

and a thin strip of the tape came out of the beaker, to make contact with the negative
power supply lead. The cathode was all one piece from lead leg to base. Previous cathode
designs were two pieces and the solution would corrode the connection, reducing the flow
of current drastically.

4.4.2

Setup
Figure 32 shows the electroplating diagram used for electroplating particles with

Ni. Current was applied by two power sources connected to the anode in parallel,
providing a total current of around 3 amps at 5 V. The anode was mounted to a lab stand.
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The beaker was placed on top of stirring plate to control the magnetic stirrer bar in the
solution.

-2

Figure 32: Electroplating Ni diagram. A power supply is connected in parallel to
provide the nickel anode with an increase in current at a lower voltage. Negative ions
are attracted to the anode and dissolve the anode from nickel metal into nickel ions
by losing two electrons. The surplus of electrons on the cathode attract positively
charged ions and convert nickel ions to nickel metal at the surface of the cathode.
In the Figure 32 the cathode was made from aluminum tape with an extended strip
to connect to the negative potential of the power supply. Inside the beaker, the strip was
insulated from reacting with the anode before the cathode.

4.4.3

Procedure
All three pennies were placed under the anode and current was applied for 1

minute. The 1965 penny was then removed and the current was reapplied to the remaining
pennies for another minute. The 1975 penny was then removed and then current was again
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applied to the last remaining penny (1980 penny) for an additional minute as shown in
Table 15.

Table 15: Penny experiment time history data.

Penny
1956
1975
1980

Mi (g)
3.075
3.106
3.11

Mf (g)
3.077
3.113
3.122

∆𝑀 (g)
0.002
0.007
0.012

time
(min)
1
2
3

Amp
3.07
3.06
3.08

Calculated
thickness
(um)
2.237
4.4676
6.7192

In Table 15, the initial mass (Mi) and final mass (Mf) were measured for each
penny. 5V was found to provide a good balance between providing enough overpotential
to get the desired current density, and providing too much overpotential, which would
result in the evolution of hydrogen as nickel ions are depleted from the boundary layer at
the cathode. Therefore, the power sources maintained a constant 5V throughout
experiments.

4.4.4

Results Discussion
Using calculation from Section 2.3.2 the thickness of the coating was derived

assuming a 100% efficient deposition, resulting in Figure 33 below.
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Estimated thickness deposited in
electrolytic penny experiment
8

Thickness (um)

7
6
5
4
3
2
1
0
Time
60 Seconds

120 Seconds

180 seconds

Figure 33: Electrolytic calculated thickness expected to get from penny experiment
Figure 34, is a backscattered electron image of the penny with 60 seconds of
electrodeposition time.
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Figure 34: Backscattered electron image of substrate with a 60 second nickel plating
time. The coating thickness is approximately 1.9-𝛍𝐦 thick.
Figure 34 shows a contrast between Cu and Ni clearly enough to get an
approximate value of thickness to be 1.9 𝜇𝑚. The thickness is not constant along the
surface of the penny but there was no drastic deviation from this thickness along the cross
section.
Figure 35 is a backscattered electron image of the penny with 120 seconds of
electrodeposition time.
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Figure 35: Backscattered electron image of a substrate that has undergone a 120
second nickel plating time shows the approximate thickness of 3-𝛍𝐦.
Figure 35 shows, that the penny that was taken out after 2 minutes has a thickness
of approximately 3.016-𝜇𝑚 thick. The backscattered electron image shows a good contrast
between the Cu and the Ni layer, due to the different morphology.
Figure 36 is a backscattered electron image of the penny with 120 seconds of
electrodeposition time.
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Figure 36: Backscattered electron image of a substrate that has undergone a 180
second nickel plating time shows an approximate thickness of 4.9-𝜇𝑚.
Figure 36 shows, that the penny that had undergone nickel deposition for 3
minutes had an approximate thickness of 4.9-𝜇𝑚.
Table 16, shows the EDS analysis of the coating deposited onto the copper penny
for 180 seconds.
Table 16: EDS, material concentration point capture of penny coating
Element
Nickel
Copper

norm.
wt.%
97.75
2.24
100

norm.
atomic %
97.92
2.08
100

EDS quantified that the coating was 97.7% wt. Ni and 2.2% wt. Cu. The Ni % wt.
is most likely greater than this value. Due to interference around boundary layer
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fluorescence, the analytical algorithm is the EDS assumes some x-ray energy captured is
from Cu, when it is actually from Ni.
Table 17, compares the calculated thickness values compared to the actual
thickness evaluated by backscattered electron analysis.
Table 17: Plating efficiency on copper pennies
Sample ID
1956
1975
1980

Thickness (um)
2.2374
4.4749
6.7192

Actual (um)
1.929
3.016
4.962

Efficiency
86%
67%
74%

The rate of deposition was not constant throughout the experiment. This can be
attributed to issues with the cathode Figure 37, is an image of the dendrites formed on top
of the cathode during electrolytic nickel deposition.
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Figure 37: Image of dendrites formed on top of cathode during electrolytic
deposition of Ni.
The build-up of dendrites shown in the figure above contributed to the nonconstant deposition rates. The dendrites consume some of the Ni during plating process
and reduce the amount deposited on the substrate.
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4.5
4.5.1

Cr-Ni-C Pretreatment with no settling time
Overview
The results of this method did not work as intended. The particles did not seem to

be encapsulated and agglomerates of nickel formed without adhering to a Cr-Ni-C surface.

4.5.2

Cleaning Prep
All glassware, thermometers, and stirrer bar were cleaned in accordance with

procedures in Appendix A

4.5.3

Procedure
The apparatus used a magnetic stir bar to disperse the powders into the solution for

20 seconds at 700 RPM. Then current was applied to the system before anytime was
allowed for the particles to settle, plating particles for 60 seconds with Ni as they came in
contact with the cathode. The process is repeated for 20 cycles. After the electrolytic
process was completed the particles were filtered in accordance with Appendix C. Then a
portion of the dried particles were mounted in epoxy resin for SEM analysis. Grinding and
polishing was accomplished in accordance with Appendix D.

4.5.4

Results and discussion
All images were evaluated over the same bulk cross sectional area with a similar

80 𝜇𝑚 scale. Figure 38, is a backscattered electron image of a bulk sample of electrolytic
deposition experiment that did not wait allow for a settling time after stirring and before
applying voltage.
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Figure 38: Backscattered electron image captured from electrolytic experiment with
no settling time showing no apparent plating of particles. The dark gray
agglomerates appear to be recessed in the epoxy sample.
In a 1 cm2 cross sectional area of this sample, Ni was scarce. Of the entire sample,
the image above shows the largest concentration of Ni for the 80 𝜇𝑚 scale. In Figure 38,
nickel appears in the dark gray. Some of the particles look like they have a coating on
them but that is the original Cr-Ni-C structure with about 8-9% Ni, as shown in Section
2.1.2.
Figure 39, is the EDS image of the green box shown in Figure 39, verifying that Ni
did not encapsulate any of the Cr-Ni-C particles.
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Figure 39: EDS image of electrolytic experiment with no settling time shows that Ni
agglomerations formed amid the Cr-Ni-C particles without encapsulating them.
The image above shows that without the settling time the Cr-Ni-C particles are not
successfully encapsulated.

4.6
4.6.1

Cr-Ni-C No Pretreat
Overview
The settling time increased the number of particles that were encapsulated with Ni.

On the other hand, the particles that received nickel deposition clumped together and
particles were not encapsulated with equal thickness. A majority of Cr-Ni-C particles did
not receive any Ni deposition using this method.
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4.6.2

Cleaning Prep
All glassware, thermometers, and stirrer bar were cleaned in accordance with

procedures in Section 3.3.1.

4.6.3

Procedure
The apparatus used a magnetic stir bar to disperse the powders into the solution for

20 seconds and then stopped, allowing the particles to loosely settle, for 20 seconds, onto
the cathode. Then a charge was applied to the system for 60 seconds, plating exposed
particles with Ni. The process was repeated for 20 cycles. After the electrolytic process
was completed the particles were filtered in accordance with Appendix C. Then a portion
of the dried particles were mounted in epoxy resin for SEM analysis. Grinding and
polishing was accomplished in accordance with Appendix D.

4.6.4

Results and discussion
Figure 40, shows the amount of Ni that could be deposited on a flat cathode the

same size of the projected area of the cathode used. This is an estimate because particles
are loosely settled on the surface trapping electrolyte solution in between particles.
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Figure 40: Shows the calculated Ni deposited with experimental current density data
recorded.
This increased the deposition surface area and in turn lowered the current density
throughout the experiment, lowering the deposition rate. Actual results are expected to be
less than the plating rate of 1 𝜇𝑚 every 46.3 seconds at 2 .5 amps and 1 𝜇𝑚 every 38.6
seconds at 3 amps. This is due to using a projected area to calculate current density
because currently it is not possible to measure the actual surface area exposed to the
electrolyte solution. That is, the deposited layer will be distributed over a larger area than
in the preliminary calculation, so the deposited layer will be thinner.
Figure 41, shows a backscattered electron image of a large sample size of the
electrolytic deposition of non-pretreated Cr-Ni-C particles.
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Figure 41: Backscattered electron image of non-pretreated particles that have
undergone electrolytic deposition shows the encapsulation of Cr-Ni-C particles in
apparent agglomerations throughout sample.
The light white blotches encapsulating Cr-Ni-C particles is 99% pure Ni. There
were some places where particles were individually encapsulated but still the majority of
particles overall were not encapsulated at all with Ni.
Figure 42, is a magnified backscattered electron image of a bulk reaction of Cr-NiC particles.

82

Figure 42: Cluster of particles that have undergone electrolytic deposition shows Ni
deposited between Cr-Ni-C particles bonding encapsulated particles together.
The particles encapsulated with Ni show that Ni is always in between Cr-Ni-C
particles, showing that it is possible to individually encapsulate the particles. Particles did
not show a consistent deposition thickness; the thickness varied throughout the image.
Figure 43, is a backscattered electron image of Cr-Ni-C particles that were
encapsulated with Ni.
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Figure 43: Thickness Measurement of a Ni coating measured using backscattered
electron ranging from approximately 3-𝜇𝑚 and 1-𝜇𝑚.
The image above is magnified to show a 20-𝜇𝑚 scale. The measured plating
thickness varied between approximately: 3-𝜇𝑚 and 1-𝜇𝑚.

4.7
4.7.1

Cr-Ni-C Pretreat
Overview
Cr-Ni-C particles where pretreated with a nitric acid solution described in Section

3.3.2. Plating procedure was conducted following the procedure in Section 4.6.3. The
result on a large-scale sample showed a lower concentration of Ni deposited.
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4.7.2

Cleaning Prep
All glassware, thermometers, and stirrer bar were cleaned in accordance with

procedures in Section 3.3.1.

4.7.3

Procedure
The experiments followed procedure as described in Section 4.6.3 except for a

pretreatment procedure described in Section 3.3.2.

4.7.4

Results and discussion
Figure 44 is a backscattered electron image of the Cr-Ni-C particles that went

through the electrolytic process after being pretreated.
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Figure 44: Bulk view of pretreated Cr-Ni-C particles that have undergone
electrolytic deposition shows a lower density of deposited Ni shown in Figure 41.
The figure above shows that the concentration of Ni is lower than that of the nonpretreated particles. Also, fewer particles were individually encapsulated.

4.7.5. Material Operation Cost
Due to the uniqueness of the material operation costs of the two methods, initial
setup costs are not factored into cost analysis. The cost analysis was done evaluating the
electricity cost and the cost of the nickel anode shown in Table 18.
Table 18: Electrolytic plating cost per kg deposited on Cr-Ni-C particles. Shows the
cost when buying the nickel anode from McMaster-Carr [22] and buying nickel
wholesale [23]. This table shows that in industry it will cost $9.97 per kg of Ni
deposited.
Electrolytic Plating Costs
Material
McMaster
Wholesale ($/kg)
Nickel 200
144.73
9.2815
Electricity Cost ($/kwhr)
0.15
Total ($/kg)
145.4182
9.97

4.8

Conclusions
The particles that were not pretreated and were allowed time to settle yielded the

best results for electrodeposition of nickel on Cr-Ni-C particles. Unfortunately, the goal of
encapsulating all the particles with 25% wt. Ni was not yet met.
Electrolytic deposition of nickel onto the copper pennies showed a nonlinear
deposition rate. This is due to the aluminum cathode having a larger exposed surface area
then that of the copper pennies. Therefore, when dendrites formed on the cathode surface
around the copper pennies, drawing a higher deposition rate.
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Cr-Ni-C particles showed an improvement in individual nickel encapsulation when
particles were allowed time to settle before voltage was applied and when Cr-Ni-C
particles did not go through a pretreatment solution of nitric acid.
The magnetic stirrer bar prevented the anode from getting to close to the Cr-Ni-C
particles because if it did the stirrer bar would attach itself to the anode and fail to mix the
solution. Also after plating was completed, it was observed that particles would be
magnetized to the ends of the bar. Unfortunately, it was not possible to see if the particles
remained attached to the stirrer bar during the stirring phase because the particles that did
disperse made the solution obstructed the view of the stirrer bar. The stirring mechanism
needs to be revaluated in future experiments.
Further work is needed to reproduce the results seen in industry, where particles
are coated by this method with minimal aggregation.
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CHAPTER 5
5

SUMMARY

Electroless nickel plating was a success at the microscale and on microscopic CrNi-C powders with the nickel sulfate solution. The nickel chloride solution failed to
deposit any nickel during the macroscopic experiment therefore was not tested on the
powder. The nickel sulfate solution was tested in on a hot plate with a copper penny with
enough nickel to provide a 20 𝜇𝑚 thick coating and was successful in producing a 15 𝜇𝑚
thick coating. Some of the nickel was lost due to deposition on the bottom of the glass
beaker and formation of Ni-P alloys.
The nickel sulfate solution was also tested encapsulating Cr-Ni-C powders in an
ultrasonic bath with and without an initial surplus of ammonium hydroxide. Both tests
showed a mixture of nickel, encapsulated Cr-Ni-C and non-encapsulated particles as well
as co-deposited Ni-P alloy particles between the Cr-Ni-C particles. The nickel phosphide
particles were on the magnitude of 1 to 3 𝜇𝑚 in diameter.
For the electroless experiments, the temperature of which the reaction began varied
depending on the apparatus used. The penny experiments conducted on a hot plate
activated at 85℃ where as in the ultrasonic bath the Cr-Ni-C experiments began at 60℃
with no surplus of ammonia and 44℃ when an initial surplus of ammonia was used.
Electrolytic nickel plating used the apparatus described in Section 4.2.2, for all
experiments except for that the magnetic stirrer bar was not used in the penny
experiments. The penny experiments did not show a constant rate of deposition with a
constant 5 V applied and two power supplies connected in parallel to the anode providing
an average current of an average current of approximately 3 amps. The coatings deposited
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did not show any cracking along cross-sectional view with an EDS composition analysis
of 97.8% Ni and 2.2% Cu. The plating efficiency calculated from the actual plating
thickness varied from 67% to 86% efficient.
The following experiments were conducted to evaluate electrolytic nickel
deposition procedures on Cr-Ni-C particles: electrolytic deposition with no settling time,
electrolytic nickel deposition with 20 second settling time on pretreated Cr-Ni-C particles,
and electrolytic nickel deposition on non-pretreated Cr-Ni-C particles with a 20 second
settling time.
Electrolytic nickel deposition with no settling time was conducted with 20 minutes
of applied electrical current from two power supplies in parallel. Post-process analysis
conducted with backscattered electron SEM revealed that in a bulk solution sample, there
was no evidence of nickel deposition on Cr-Ni-C particle surfaces. Agglomerates of nickel
were detected in the solution but not in contact with Cr-Ni-C particles. Review of the
cathode showed Ni was deposited on the cathode. The amount of deposition was not
quantified because an initial mass of cathode was not taken.
Electrolytic nickel deposition of pretreated Cr-Ni-C particles with a 20 second time
delay, to allow particles to settle, showed nickel deposition on Cr-Ni-C particles, observed
in Figure 44, (backscattered electron image). The bulk solution shows that a majority of
Cr-Ni-C particles were not encapsulated with nickel. Particles that were encapsulated with
nickel were bonded together by the nickel deposition between particles.
Electrolytic nickel deposition of non-pretreated Cr-Ni-C particles with a 20 second
time delay, to allow particles to settle, showed nickel deposition on Cr-Ni-C particles,
observed in Figure 41, (backscattered image). The non-treated bulk solution showed: more
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particles to be encapsulated with nickel compared to pretreated particles but the bulk
solution was still showing a majority of Cr-Ni-C particles not be encapsulated with nickel.
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CHAPTER 6
6

CONCLUSION

Preliminary experiments showed deposition of Ni on Cr-Ni-C by both electroless
and electrolytic methods.
At present stage of development, electroless method shows much more uniform
coatings and much less agglomeration than electrolytic method. However, significant
amounts of Ni-P alloys were co-deposited between the particles. The effect of these Ni-P
alloys on the final cold-spray product will need to be evaluated. Within the electroless
deposition experiment, the best results were achieved with Pennsylvania State University
recipe, modified with initial excess of ammonia, which improved both the controllability
of the reaction and the amount of co-deposited phosphorus. However, cost may limit the
amount of Ni that can be deposited electrolessly in industrial production. With smallquantity pricing, the cost of the reagents is $2,597.27 per kilogram of Ni deposited.
Our preliminary experiments with electroplating did not approach the quality
achieved in industrial practice, either in uniformity of coating or in lack of agglomeration.
Further work on this method is recommended, as the projected plating cost is much lower,
$9.97 to $145.42 per kilogram of Ni deposited, depending the cost of the nickel anode
(wholesale or not).
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CHAPTER 7
7

FUTURE WORK

Encapsulating Cr-Ni-C particles for cold spray application is possible and should
have further research conducted to accomplish this task. Electroless deposition is currently
the most promising method for testing of coated powders for cold spray, but with further
electrolytic research, and electrolytic apparatus could be designed to outperform the
electroless method.
The electrolytic apparatus can be improved with designing an anode that matched
the surface of the cathode and allow a mixing device to be utilized. The anode could be
shaped into a doughnut design that would allow a nonmagnetic stirring device to be
mounted in the center.
The electrolytic apparatus could also be conducted in an ultrasonic bath. Further
experiments, should be conducted in an ultrasonic bath without using a mixing device and
only using the agitation. This can be done by turning the ultrasonic bath on and then
applying the current. This would determine if the ultrasonic waves could prevent particles
from bridging together and test to see if dendrites would form on the cathode or an even
layer at the bottom due to the ultrasonic waves continually separating the particles from
the cathode. The second method for electrolytic deposition in an ultrasonic bath would be
to turn on the bath and use another mechanical device to disperse the particles throughout
the solution in between electroplating phases.
Future experiments need to be conducted on electroless bath solutions. An acid
bath solutions where not tested in this thesis because of the low phosphorus content of
basic solutions have been found to be desirable. Future experiments should re-evaluate
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low acid baths for their stable pH control throughout process. Also, adding a complexing
agent to the solution as described in Section 2.2.1.1 would assist the nickel sulfate solution
in reducing production of Ni-P alloys. Experiments should also be completed again to
verify if the nitric acid bath is required for the Cr-Ni-C particles to be encapsulated with
Ni.
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APPENDIX A
CLEANING PROCEDURES
Cleaning Standard for glassware and equipment:
•

Fill glass beaker to be used with 5:1:1 Distilled water, 30% hydrogen peroxide,
and 30% ammonium hydroxide to remove all organic contaminants.

•

Place stirring rod and thermometer into solution.

•

Place beaker on hotplate and heat to 60-70°𝐶.

•

Heat solution for 10 minutes.

•

Rinse all objects with distilled water three times.
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APPENDIX B
CR-NI-C POWDER PREPARATION PROCEDURE
A nitric acid solution was used to clean contaminants from the surface of the CrNi-C particles and to create a hydrophilic surface, favorable for deposition. The following
process was implemented:
•

Fill beaker with a 5:1 ratio of 70 % nitric acid to powder

•

Let it rest for 30 minutes.

•

Dilute by pouring cleaning solution and substrate into a clean beaker of
deionized water.

•

Allow time for particles to settle to bottom of beaker.

•

Slowly pour into a vacuum filtration system (MILLIPORE ExpressTM Plus with
additional P5 filter paper above filter to assist with collecting powder after
filtering).

•

Rinse powder on filter paper three times.

•

Place P5 filter paper and powder into tissue culture dish.

•

Place dish into vacuum desiccator with lid slightly ajar.

•

Vacuum pump desiccator for 1 hour.
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APPENDIX C
DRYING PROCEDURE FOR MICROSCOPIC PARTICLES

Once plating was completed:
•

The sample was filtered using Buchner vacuum filter until moisture was no
longer visible

•

Filter paper was removed with sample from Buchner vacuum filter and
place into culture dish.

•

Dish was then placed into vacuum desiccator with lid slightly ajar to
prevent air flow from disturbing microscopic particles as air reenters the
desiccator.

•

Vacuum pumped for 1 hour.
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APPENDIX D
GRIND AND POLISHING PROCEDURES
Samples were encapsulated in Struers EpoFix epoxy using 25mm round
polyethylene molds, overnight cured at room temperature. Grinding and polishing was
done in several steps using a Struers Labopol-5 system for all but initial grinding of the
coin samples. For the coin samples, a Logitech LP30 grinder/polisher was used for 80 and
220 grit SiC foil grinding to maintain absolute flatness before fine grinding and polishing
on the Struers Labopol-5. Coarse grinding of other samples was done using 220 grit SiC
paper on the Struers system, then all samples were ground to pre-polish completion with
500, 800, and 1200 grit SiC papers. Polishing was done in four steps, the first three using
low-nap satin woven acetate cloths on magnetic disks. These polishing steps were done
using auto-dosed diamond slurry at 9 microns (12min at 20N force), 3 𝜇𝑚 (10 min, 15N
force), and 1 micron (5 min, 10N force), washing with soap and water in ultrasonic bath
between steps. A final polish was done with a non-drying colloidal silica suspension (0.04
micron) on a zero-nap porous neoprene magnetic disk (4 min, 15N).
After polishing, samples were washed using soap and water in an ultrasonic bath,
then cleaned in pure distilled water and rinsed briefly with acetone, followed by methanol.
For SEM observation, samples were coated with 25 nm of carbon using a high vacuum
thermal evaporator (Edwards Auto 306). [20]
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